A model is proposed to account for the loss in visibility of moving targets that occurs when an observer is uncertain about the target's direction of motion. The model's key features are an array of directionally selective visual mechanisms and a rule governing the mechanisms from which an observer will derive sensory data. In response to uncertainty about two possible directions of motion, the observer is assumed to use a mechanism whose peak sensitivity is to a direction midway between the two possible directions. Seven experiments, using both reaction time and forced-choice data, demonstrate the predictive advantages of this midway model over competing single-band and multiple-band models. Additionally, the experiments reveal several new properties of human motion perception: (a) Direction and velocity information have orthogonal representations in the visual system; (b) although motion sensitivity does not vary with direction, the precision with which small changes in direction can be recognized does, reflecting differential breadth of tuning for directionally selective mechanisms sensitive to various directions; and (c) motion-analyzing mechanisms are broadly tuned for direction as well as speed.
Human psychophysics provides extensive evidence for the existence of visual mechanisms tuned to different directions of motion. Converging on this point are data from a variety of paradigms including selective adaptation (Sekuler & Ganz, 1963) , subthreshold summation (Levinson & Sekuler, 1975) , and aftereffects (Keck, Palella, & Pantle, 1976) . In addition, we recently used a masking procedure to define the direction sensitivity profiles of these mechanisms (Ball & Sekuler, 1979) . In general, these studies tell us how much information is potentially available in motion-sensitive visual elements under ideal conditions. But they tell us little about the use to which that information can be put under nonideal conditions outside the laboratory.
In particular, such studies are carried out under conditions of stimulus certaintythe observers know in detail the direction, speed, and other characteristics of the moving targets with which they will be tested. However, outside the laboratory, the observer is required to use directionally selective mechanisms under conditions of stimulus uncertainty-when one does not always know in advance precisely what sort of moving targets one will be required to detect and respond to. There is an important difference between these two sorts of conditions, since uncertainty about direction or speed is known to reduce the visibility of moving targets (Sekuler & Ball, 1977) .
This article addresses several related issues. First, precisely what limitations does stimulus uncertainty place on the observer's ability to see and respond to moving targets? Second, how can we model the strategy an observer uses to cope with the limitations introduced by uncertainty? Third, can we exploit the effect of target uncertainty on visibility to enhance our understanding of the nature of directionally selective mechanisms themselves?
Before considering the effects of stimulus 
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Direction of Movement Figure 1 . A hypothetical set of sensitivity profiles for directionally selective Mechanisms A-K is arrayed along a portion of the direction continuum. (The magnitude of response evoked in any of these mechanisms is represented by the height of the mechanism on the y-axis at the point on the direction continuum [x-axis] corresponding to a particular stimulus direction. Thus Mechanism A is most sensitive to Direction a, Mechanism B is most sensitive to Direction b, and so on. Note, however, that Mechanism A is also sensitive to movement in Directions b, c, d, e, f, and g but to a reduced extent as these directions become increasingly different from the direction to which Mechanism A is most sensitive, namely a. Mechanism A is insensitive to movement in directions h-k, so movement in any of those directions would produce no response in directionally selective mechanism A. [See text for further details.]) uncertainty, we must summarize our general approach to the motion mechanisms. Directionally selective mechanisms can be thought of as filters, attenuating some input signals (directions of movement) more strongly than they do others. As with any filter, we can characterize a directionally selective mechanism in terms of the direction to which it is most sensitive (hereafter, its center direction) and the rate at which its response changes as inputs diverge from that center direction (hereafter, its sharpness of tuning). Figure 1 depicts a set of directionally selective mechanisms arrayed along the direction continuum. For convenience we have given mechanisms triangular sensitivity profiles, though the subsequent argument would be unchanged by substituting any other function that declines symmetrically and monotonically with increasing distance from the center direction. The choice of symmetric and monotonically declining sensitivity functions is based on selectiveadaptation experiments by Levinson and Sekuler (1980) .
The magnitude of response evoked in any mechanism by motion of constant speed and contrast is represented in Figure 1 by the height of the mechanism at the point on the direction continuum corresponding to the stimulus direction of interest. Note that all mechanisms have the same sensitivity at their center directions. This assumption of equal peak sensitivities derives from several demonstrations that sensitivity to moving targets is independent of their direction of motion. For example, Levinson and Sekuler (1980) measured contrast thresholds for moving dots as a function of their direction of motion; Ball and Sekuler (1979) determined reaction times to motion onset as a function of direction; and Marshak (Note 1) measured the duration of the motion aftereffect (waterfall illusion) with various directions of adapting motion. The results of all three studies, using different measures of response to motion, demonstrated that sensitivity to motion does not vary with direction. In Figure 1 the mechanisms are shown as evenly spaced along the direction continuum. This has been done for expository purposes only; in fact, no particular spacing or density of mechanisms is proposed in this article. One point, however, is implied by Figure 1 : all sensitivity profiles in a given region of the direction continuum are essentially identical. Later we explore the possibility that mechanisms in one region of the continuum may differ in sharpness of tuning from those in another region.
As indicated earlier, Sekuler and Ball (1977) showed that the visibility of a moving target may be severely degraded if an observer does not have prior knowledge of its speed or direction. This result means that an observer cannot simultaneously use the information present in all directionally selective mechanisms without paying a price in diminished performance. But what are the limitations on the quantity of usable sensory information, and how does an observer cope with them? The literature already contains the elements of two competing answers that we now consider. The two approaches we summarize here were originally developed to describe the effects of stimulus uncertainty in audition. We should also note that their most rigorous tests have thus far come in auditory research. However, in outlining these approaches, we present them not in terms of audition but in terms more congenial to our research on visual motion uncertainty. These two approaches treat an observer as a user of sensory information either from a single, directionally selective mechanism (an approach referred to hereafter as a singleband model) or from a collection of such mechanisms (hereafter referred to as a multiple-band model).
Multiple-Band Treatments of Uncertainty
In general, multiple-band models of detection assume that faced with having to detect either of two possible signals, an observer will monitor the activity in two directionally selective mechanisms, each of which is maximally sensitive to one of the possible target directions (Green, 1958) .
The multiple-band approach emphasizes that detection involves discriminating the effects of a signal from noise, where noise is sensory activity that is random, spontaneous, and unrelated to the actual presentation of a target. The model assumes that the noise is Gaussian with a mean of zero and that the noise adds to the effect of any signal that may be present (Schwartz & Shaw, 1975) . Using standard notation, detectability, d', is given by the ratio between the signal's effect and the standard deviation of the noise distribution. If the incremental effects of the signal were constant, detectability would be diminished by any process that increased the variance of the noise.
Consider one way in which this increase in variance might occur. Suppose that an observer were to monitor the activity in two directionally selective mechanisms rather than just one. Suppose further that the outputs of the two mechanisms were summed. This summation would necessarily apply to the effects of signal on either mechanism as well as to the noise generated within each mechanism. As long as the correlation between the noise processes in the two mechanisms is less than perfect, the variance of the noise reflected in the sum will be greater than the variance of the noise in either mechanism alone. This increased noise variance will diminish the detectability of a signal of constant strength. The sum of the variances of two noise processes is given by the sum of their individual variances minus their correlation. The sum of the noise variances would be greatest, and detectability at its minimum, if the mechanisms being monitored had completely independent noise processes. For such orthogonal mechanisms, the denominator in the ratio that defines d' would be the square root of the sum of the separate noise variances. Since many applications of signal detection theory define the noise variance as equal to unity, monitoring two independent mechanisms would diminish d' by the square root of 2. In a more general case, if n orthogonal mechanisms were monitored, the multiple-band approach would predict a loss of detectability proportional to the square root of n.
If the mechanisms contributing to the summated noise were not orthogonal, the standard deviation of that noise would be diminished by an amount equal to the correlation between the noise processes in the two mechanisms. To motivate a change in detectability with varying separations between the two possible directions, the model requires a strong assumption for which there exists no evidence. This assumption is that as the center directions of any pair of mechanisms grow increasingly different, the correlation between the noise processes of the two mechanisms diminishes. This decreased correlation inflates the standard deviation of the summed noise, thereby decreasing d''. As a result, the multiple-band approach predicts a monotonic decrease in detectability as the separation between the two possible directions grows.
Singe-Band Treatments of Uncertainty
Single-band models assume that at any one moment the observer uses the sensory information present in just one directionally selective mechanism. They assume further that the observer can select the mechanism from which to integrate this information (Patterson, 1976; Tanner, Swets & Green, Note 2) . The selection may be determined by variables such as the relative probabilities with which various directions of motion occur as well as the costs and values of detecting or failing to detect each of these possible directions, although little attention has actually been given to this likelihood (Ball, 1979) .
Qualitatively, the single-band approach makes simple predictions for the effect of uncertainty between two equiprobable directions of target motion: Overall detectability decreases as the separation between the two possible signal directions increases. Consider a trial on which the observer integrates information from one directionally selective mechanism and on which movement is presented in a direction other than the center direction of that mechanism. The response of the mechanism being monitored will decline in direct proportion to the difference between its center direction and the direction of the stimulus that actually occurs. Since detectability mediated by any mechanism is inversely proportional to that mechanism's sensitivity to the direction in question, this diminished response results in reduced detectability of that alternate direction.
It is important to distinguish between two forms of the single-band approach that differ from one another in the way observers are assumed to employ the single band of directional information available to them. Earlier single-band models have always assumed that an observer uses information from either one mechanism or from a second, alternative mechanism. As a result, we call them either-or models. Since such models predate the single-band model that we ourselves have developed, they are considered first.
Either-Or Model
This model assumes that an observer, faced with the possibility that either of two different directions may occur, bases the detection response on information arising from only one of two particular directionally selective mechanisms-the two mechanisms whose center directions coincide with the two possible stimulus directions. On any trial, the observer monitors activity from just one of these two mechanisms. Using Figure 1 , consider the implications of this assumption in a situation where two directions, a and c, are equiprobable. Suppose the observer is monitoring activity in Mechanism A, and Direction a actually occurs. Since the mechanism being used is the one that has the greatest sensitivity to Direction a, and since it is the mechanism that presumably would be used under conditions of certainty that Direction a would occur, there should be no loss of sensitivity due to uncertainty. Of course, there should be an analogous outcome on trials on which Mechanism C is used and Direction c actually occurs.
Sensitivity losses will occur when the observer is using one mechanism, A or C, and when a direction, c or a, other than its center direction, occurs. On such trials, the decreased sensitivity would be related to the difference between the mechanism's peak sensitivity and its sensitivity to the direction that actually occurs. If we assume that the observer uses each mechanism on exactly half of the trials, the data will be heterogeneous, with half of the trials reflecting unimpaired sensitivity and half of the trials reflecting sensitivity losses due to uncertainty. Mean data will be a compromise between the two.
We should point out the possibility that instead of using one mechanism on half of the trials and the other mechanism on the other half, an observer could persevere with just one mechanism. Persevering with one mechanism would also lead to distinctly heterogeneous data, a mixture of trials (all with one stimulus direction) on which sensitivity was normal and trials (all with the other stimulus direction) on which sensitivity was impaired. Again, the impairment would be inversely related to the sensitivity that the monitored mechanism had to the direction other than its center direction.
Midway Model
We must note that the either-or assumption is not a requisite for all singleband models. In fact, the subject may choose to use information from any directionally selective mechanism. The midway model assumes that the observer bases detection decisions on information arising from a mechanism with a center direction midway between the mechanisms whose center directions coincide with the two possible stimulus directions. The following examples of the midway model make use of Figure 1 to show how the model operates. Suppose that the mechanism labeled A has a as its '' center direction''; that is, a is the direction of movement to which A is most sensitive. If tested under conditions in which all movement is in Direction a, the observer bases a decision exclusively on information arising from Mechanism A. Under these conditions, sensitivity to Motion a would be proportional to the height of A at its peak. But suppose that the observer had to detect motion in either Direction a or motion at the center direction of Mechanism C, namely c. Here, the midway model asserts that the observer would base a response on information coming from the mechanism, B, whose center direction, b, is midway between a and c. The height of B at an x-axis position corresponding to motion a is obviously less than the height of A at the same x-axis position; this means that the observer's sensitivity to Motion a will be reduced by the uncertainty. Now suppose that the observer had to detect motion when either Motion a or Motion e could occur. Here the observer would base a decision on information derived from Mechanism C, midway between Directions a and e. The response of C to Motion a, given by the height of C at Position a on the x axis, is reduced below both the response of B and the response of A to that stimulus. Since sensitivity is proportional to height, the detectability of Motion a would be best under conditions of certainty (a only), poorest with uncertainty between a and e, and at an intermediate value with uncertainty between Directions a and c. In general, uncertainty between Direction a and any other direction, 6, causes a loss in sensitivity because the observer relies on the response of the mechanism whose center direction is (a -6)12. The sensitivity of this mechanism to Motion a is identical to Mechanism A's sensitivity to a stimulus in direction (a -6)12. As a result, with uncertainty between a and 6, the detectability of Motion a is proportional to the sensitivity of A to motion in direction (a -6)/2. This theoretical relationship allows us to use changes in sensitivity under various conditions of uncertainty to define the sensitivity profiles and breadth of tuning of various directionally selective mechanisms. Several of our experiments exploit this opportunity offered by the midway model.
Related Work in Audition
Although there has been work on target uncertainty in vision (Cohn & Lasley, 1974; Cohn, Thibos, & Kleinstein, 1974; Posner, 1980) , our own thinking and experiments are more closely related to previous work in audition. These auditory studies have shown that an observer is most sensitive to a signal of known frequency, amplitude, phase, duration, and starting time (Egan, Greenberg, & Schulman, 1964) . Uncertainty about any stimulus parameter, such as the frequency of a sinusoid, causes a decrease in performance (Tanner, 1958; Veniar, 1958a Veniar, , 1958b .
Attempts to compare single-band and multiple-band models in audition have yielded inconsistent results. For example, in the work that initiated this line of investigation, Tanner et al. (Note 2) and Marill (Note 3) found that the single-band model gave satisfactory quantitative fits to their data. However, using a somewhat different task, Green's (1958) results were not well fit by the single-band model, and he proposed an alternative, the multipleband model. Summarizing the controversy, Veniar (1958b) and Swets, Shipley, McKey, and Green (1959) noted that on the same task some listeners conformed to the multipleband and others to the single-band model. At present, it is still not possible to make a clear differentiation between conditions that contribute to one or the other type of behavior.
In the study most closely related to this one, Swets (1964) found an increased reaction time to a tonal signal when the frequency of the signal was unpredictable. The amount of increase in reaction time depended strongly on the frequency difference between the two tones constituting the stimulus ensemble. In this way, stimulus uncertainty-defined by the frequency separation between the two possible signalsallowed Swets to define the critical band around some standard, center, frequency.
We have used a procedure much like Swets's in some of our experiments on movement uncertainty. If an observer's task is to detect a target moving in a known direction and at a known speed, the observer's performance may approach optimality. By introducing varying angular separations between the two directions of movement that may occur on any trial and noting how performance varies with that separation, an estimate of the direction selectivity of the motion sensitive system may be obtained.
Reaction Times and Directionally
Selective Mechanisms Most of the experiments we report here use either of two methodologies: measurement of reaction time (RT) to movement onset or a two-alternative forced-choice (2AFC) measurement of the detection of motion. Most of the previous work on stimulus uncertainty, particularly that in auditory psychophysics, has used a forcedchoice procedure, in part because of its ability to provide objective psychophysical data. However, we chose to combine that method with the RT indicator response, thinking that this combination would be able to discriminate better among models of uncertainty than would either indicator alone. In fact, the outcome of our tests confirms our choice of two, complementary, procedures.
Since we are interested in changes in sensitivity as a function of stimulus uncertainty, we need to consider how performance with our two indicator responses relates to sensitivity. Fortunately, the relationship between sensitivity and 2AFC performance is already well established and does not have to be repeated here (Green & Swets, 1966) . The connection between sensitivity and RT may be somewhat less clear, however, so we will try to make explicit how we conceive of their link. As indicated earlier, models discussed here incorporate visual mechanisms tuned to various directions of motion. Because of inherent, spontaneous noise in these mechanisms, some nonzero criterion level of activity is required before a "detect" response can be initiated. We assume that the detection of motion requires that sensory responses in each mechanism be integrated over time, as in the manner of various timing, accumulator, or counting models that have been proposed (McGill, 1963; Teichner & Krebs, 1972) . For our purposes, the differences among these various approaches are less important than one of their common propositions: Reaction time is an inverse monotonic function of stimulus intensity. To this we add a corollary: Reaction time to a stimulus is inversely proportional to the detecting mechanism's sensitivity to that stimulus. The corollary follows straightforward from the usual definition of sensitivity as the reciprocal of the stimulus intensity required to produce a criterion response.
For dot patterns of constant contrast and speed, the rate at which any directionally selective mechanism accumulates a count is proportional to that mechanism's sensitivity to the direction of motion being presented. The assumptions described thus far permit one to use RT as an index of directional selectivity; for any direction of movement, RT is inversely proportional to the sensitivity of the mechanism being used to process the motion being presented. The logic and limitations of using RT in this fashion are treated more fully in the General Discussion section.
In summary, we have two principal, complementary aims in this article. First, we wish to extend what is already known about visual mechanisms responsible for the analysis of visual motion. In particular, we compare the breadth of tuning of mechanisms sensitive to various directions and explore the perceptual consequences of possible tuning differences. In addition, we attempt to determine the relationship between mechanisms that provide information about direction of motion and those that provide information about its speed. Our second major aim is to develop a detailed account of the observer's response when the characteristics of moving targets are unknown. This latter effort builds on our own demonstration that an observer's uncertainty about the direction in which a target might move reduces the visibility of that target (Sekuler & Ball, 1977) .
Experiment 1
Our first experiment examined the effects of uncertainty with regard to a target's direction of motion. RTs were used as an index of the observer's sensitivity to motion. Specifically, conditions in which the observer could be certain about the direction of target motion were compared to conditions in which the observer could not be certain about which of two equally probable directions the stimulus would take. To estimate the tuning of directiondetecting mechanisms, we varied the separation between the two possible directions.
Method
Stimuli. Stimuli were patterns of isotropic random dots presented on a cathode-ray tube (CRT) display under computer control. The isotropy of the dot pattern was assessed by numerical two-dimensional Fourier analysis and by visual inspection of the pattern's optical transform (Lipson, 1973) . The pattern's isotropy was further demonstrated-although indirectly-by previous psychophysical work showing that observers' responses to the same pattern were themselves isotropic. Since isotropic patterns contain the same power along all orientations, they allow us to study responses to motion without the complication introduced by the oriented contours present in nonisotropic patterns (e.g., gratings).
The CRT on which dots were displayed was constantly illuminated by a veiling light, 1.7 cd/m 2 ; the incremental luminance of each dot was 84 cd/m 2 . Observers were seated with their heads supported by a chin rest 57 cm from the display. Viewed binocularly, approximately 400 dots of the pattern were visible within an 8°-diameter circular aperture. In any one display frame (33 msec) the computer plotted 512 dots on the CRT.
On each trial, the dots first appeared as a stationary pattern for a random foreperiod of 2.0-3.5 sec. Then, without warning, all of the dots began to move uniformly along parallel paths at 5.3°/sec. The movement continued until the observer depressed a telegraph key. The pattern then disappeared, and the display remained blank until the next trial. The ends of the display were functionally connected so that a dot moving off one side would reappear a moment later on the opposite side. This gave the display the appearance of an infinite textured surface moving continuously behind the aperture.
In one condition, stimulus certainty, the random-dot pattern always moved upward. This permitted the observer to be certain about the direction of target motion. In the other condition, stimulus uncertainty, the direction of motion was unpredictable from one trial to the next. On half of the uncertainty trials, the dots moved upward, 90°; on the other half of the trials, they moved in some other, alternate, direction. Alternate directions used in this experiment were 0°, 45°, 80°, 100°, 135°, 180°, 270°. Within any block of uncertainty trials, the alternate direction was held constant.
Blocks of stimulus-certainty trials (all upward) were interspersed at various points within each session to provide frequent baseline measurements of optimal performance. For uncertainty blocks, alternate directions were presented in random order. For each observer any alternate direction was used in three different, 50-trial-long blocks. Before each block, the observer was told what direction(s) could occur in that block.
Observers
The observers were three volunteers experienced in psychophysical tasks. Each had normal, 20/20, or corrected-to-normal visual acuity. Two of the observers were naive with respect to the hypotheses of interest; the other observer was the first author.
Results
To minimize warm-up effects, we discarded the first five trials of each direction before data analysis. In addition, all RTs shorter than 100 msec or longer than 600 msec were discarded from the analysis. Anticipatory responses, defined as those requiring less than 100 msec, occurred on fewer than 2% of all trials, and did so with a frequency unrelated to the condition being tested. The geometric mean of the remaining RTs was computed for each observer, test direction, and condition. Plotted in Figure  2 , the results are expressed as the ratio of RT to the upward moving stimulus in uncertainty conditions to the RT to the same stimulus in certainty conditions. A ratio of unity indicates that there was no effect of uncertainty; that is, RT to upward motion was not affected by the possible appearance of the alternate direction. A ratio greater than unity indicates that RT to upward motion was elevated by the possible appearance of the alternate direction.
An analysis of variance demonstrated the statistical significance of the difference among conditions, F(l', 24) = 2.54, p < .05. A subsequent Newman-Keuls test on ordered means indicated that aside from 80°a nd 100°, the presence of all other alternate directions significantly increased RTs' to upward motion over RTs to upward motion measured with no alternate direction, that is, in a condition of stimulus certainty (p < .05).
The analysis just described shows the effect of the alternate direction on the speed with which observers respond to movement in the upward test direction. To test the reciprocal effect of the upward test direction on RT to the alternate stimulus, we computed the ratio of RT to the alternate stimulus in all conditions of uncertainty to an estimated RT for movement in the alternate direction in a certainty condition. In our calculations, we took advantage of the fact that with direction certainty, RT does not vary with direction of motion (Ball & Sekuler, 1979 ; see also the present Experiment 2). This fact allowed us to estimate RT to various alternate directions under certainty: We assumed that all RTs would equal the RT measured for upward motion under certainty in the present experiment.
The ratios of RT to various alternate directions with uncertainty and with certainty are displayed in Figure 3 . RT to the alternate direction increased as the separation between that alternate direction and the upward test direction grew. The data in Figure 3 are somewhat less regular than those in Figure 2 because the various alternate directions were tested less frequently than was upward motion itself. Hence, the data in Figure 3 are based on fewer trials than are those in Figure 2 . Taken together, though, Figures 2 and 3 demonstrate that as the difference between the two possible directions on any trial grows, the RT to both increases.
Discussion
We have assumed that RT is a function of the sensitivity of the mechanism responsible for the analysis of motion. This assumption, plus the other elements of the system for motion detection described earlier, allow us to treat the data of Figure 2 as indicative of the directional selectivity of human visual mechanisms most strongly responsive to an upward-moving stimulus. In the certainty condition, we assume that the observer uses information from the mechanism whose center direction coincides with the expected direction. In the uncertainty condition, we propose that the observer bases a decision to respond on the activity of a mechanism whose center direction lies midway between those associated with the two, equally likely, alternative directions.
In support of the midway assumption, Experiment 1 showed that uncertainty elevated RTs to both of the directions that could occur on any trial. Though the equal elevation of RT for both of the possible directions is compatible with both the multiple-band and midway models, equal elevation of RT to both directions rules out the possibility that the observer perseverated on just one mechanism. However, an equal elevation of RT to both directions is consistent with the either-or model-assuming an observer monitored one possible direction on half of the trials and the other direction on the remaining half. This would result in equal elevations of RT to both possible directions on the average, as observed. To check this possibility, we examined the distributions of RTs for many of the uncertainty conditions of this experiment. If indeed observers were using only one of the directionally selective mechanisms on each trial, a bimodal distribution of RTs should be associated with each of the possible directions. We found however, that the distributions were symmetrical around an intermediate RT for each direction. Figure 4 shows distributions for representative amounts of direction uncertainty. Their lack of bimodality is consistent with the midway model; it is not consistent with the either-or model. Thus the symmetrical elevation of RTs to both directions supports the variant of the single-band approach that we offered earlier in which the midway assumption is incorporated.
Experiment 2
Like Experiment 1, our second experiment examined the effects of uncertainty with regard to a target's direction of motion. The aim was to test the midway assumption of the model presented earlier: When faced with uncertainty about two equiprobable directions of motion, the observer bases a response on activity in a mechanism whose center direction is midway between the center directions of the mechanisms most sensitive to each of the possible stimulus directions. As just indicated, certain results of Experiment 1 are consistent with this assumption. The present experiment constitutes a more direct test. To determine whether observers were actually monitoring this center mechanism, Experiment 2 used a probe technique (Greenberg & Larkin, 1968) to measure performance with a direction located midway between the two primary directions:
Method
Stimuli. Stimuli and apparatus were the same as in Experiment 1. Again, on each trial the dots first appeared as a stationary pattern for a random foreperiod of 2-3.5 sec. Then, without warning, all of the dots began to move uniformly along parallel paths at 5.3°/sec until the observer depressed the telegraph key. The CRT screen then remained blank for 4 sec between trials.
As in Experiment 1, stimulus-certainty conditions were compared to stimulus-uncertainty conditions. Three different certainty conditions were run: all movement at 60°, all movement at 90°, and all movement at 120°. RTs from these conditions provided the baseline against which the various uncertainty effects could be evaluated.
We tested with two types of uncertainty conditions, probe and no probe. In both types, the direction of movement on any trial was unpredictable. The no-probe condition resembled that used in Experiment I. Only two directions of movement, 60° and 120°, were possible, and the two were equally likely. In the probe condition there were three possible directions of motion: 60°, 90°, and 120°. The 60° and 120° movements each occurred on between 45% and 47.5% of all trials. The probe stimulus, movement at 90°, occurred with far smaller frequency, on only 5%-10% of the trials.
Blocks of stimulus-certainty trials alternated with blocks of stimulus uncertainty trials (of both probe and no-probe types). This alternation allowed the closest comparisons to be drawn among the three conditions: certainty, no-probe uncertainty, and probe uncertainty. Observers were instructed to depress the telegraph key as soon as motion began. No judgment about the direction of the movement was required. In the certainty conditions, observers were told the direction in which the dots would move on each trial. In the no-probe and probe conditions, observers were told that movement would occur in directions of 60° and 120° on an equal number of trials within the block. In the probe condition, they were informed that movement would almost always be either 60° or 120° but that occasionally some other direction might occur; they were not told what the other direction might be.
Observers
Two volunteers, experienced in psychophysical tasks, served in this experiment. Each had normal vision, and both were naive with respect to the hypothesis of interest. DB had served in Experiment 1; JC had not served before.
Results
As before, we discarded the first five trials of each direction as well as all RTs less than 100 msec or greater than 600 msec. Anticipatory responses, those less than 100 msec, accounted for 4% of all trials in both certainty and uncertainty conditions. For the remaining trials, we computed the geometric means for each 50-trial block. First, we must note that under conditions of certainty, RTs to all three directions were essentially identical. Averaged over four blocks, the means for Observer DB were 209, 209, and 213 msec, those for Observer JC were 254, 258, and 253 msec for 60°, 90°, and 120°, respectively. These results are consistent with an earlier finding that RTs to motion onset are invariant with direction of motion (Ball & Sekuler, 1979) .
As before, we express the effect of direction uncertainty in ratio terms, the ratio of RTs under uncertainty to RTs under certainty. The substantial individual differences in baseline, certainty RTs make this ratio a particularly useful way of expressing the effect of uncertainty. A ratio of unity indicates that uncertainty had no effect; ratios greater than unity indicate that RTs were elevated in uncertainty conditions relative to RTs with no uncertainty.
Separate ratios were computed for the two types of uncertainty conditions, probe and no probe, as well as for each possible direction of motion. For the probe stimulus (90°), ratios were essentially equal to unity (1.01 for both observers). This means that direction uncertainty had virtually no effect on speed of response to the probe stimulus whose direction was midway between the two predominant directions in the probe condition. In contrast to this lack of uncertainty effect, RTs to the other two stimuli were affected in the probe condition. The ratios were 1.07 and 1.08 for Observer DB and 1.10 and 1.11 for Observer JC for 60° and 120°, respectively. Uncertainty had just about the same effect on RTs to these two directions in the noprobe condition: 1.11 and 1.12 for DB, 1.08 and 1.07 for JC for60°and 120°, respectively.
Discussion
The results of Experiment 2 support the midway assumption in our model of the effect of uncertainty. In the probe condition, given the possibility of either 60° or 120°m ovement, RTs to both directions were elevated over comparable RTs with certainty. However, uncertainty in the probe condition did not affect RTs to motion in a direction midway between 60° and 120°. This outcome is consistent with the notion that in the probe condition, observers monitored the directionally selective mechanism whose center direction was midway between 60°a nd 120°. Of course, this is the same mechanism we would expect an observer to use on certainty trials when it was known that only 90° motion could occur. Quite naturally, then, if the observer uses the same mechanism in both the uncertainty and certainty conditions, the elevation ratio should be unity.
This outcome suggests that the midway assumption may be correct for the probe condition, but is it also correct for a noprobe condition? This question is crucial because in Experiment 1 (and later experiments on direction uncertainty), no-probe rather than probe conditions were in effect. To answer this question, we can use data from two sources. First, we can compare elevation ratios for 60° and 120° stimuli in the probe and no-probe uncertainty conditions of Experiment 2. For the two observers, the average elevation ratios were 1.085 and 1.095 for 60° and 120° directions in the probe condition and 1.095 and 1.095 for the two directions in the no-probe condition. Thus the effects of uncertainty on RT to 60° and 120° movement are similar in probe and no-probe conditions.
Another source of evidence also supports the claim that observers behave the same in both probe and no-probe conditions. Observer DB served in both Experiment 1 and Experiment 2. As a result, we can compare his elevation ratios in the noprobe conditions of Experiment 1 to his elevation ratios in Experiment 2 for the probe condition. There is only one impediment to such a comparison: The uncertainty in Experiment 2 was 60°-the difference between 60° and 120° of movement. That same amount of uncertainty was not tested in Experiment 1; we have data with 45° of uncertainty (90° vs. 45° of movement) and with 90° of uncertainty (90° vs. 0° of movement). For purposes of comparison, we assume that the elevation ratio for 60°o f uncertainty in Experiment 1 would have been the mean of that obtained for 45° of uncertainty and that obtained for 90°. The elevation ratios for DB in Experiment 1 were 1.05 and 1.13 for 45° and 90° of uncertainty; the mean of the two ratios is 1.09. This value is satisfactorily close to the value obtained for the same observer in the probe condition of Experiment 2, namely 1.075. Consequently, we may conclude that observers deal with direction uncertainty in the probe condition much as they do in a no-probe condition.
We should call attention to one particularly counterintuitive outcome of the probe condition, since it does bear directly on the midway assumption. Ordinarily, when potential stimuli differ in their relative probabilities of occurrence, RTs are shorter to the more likely stimuli and longer to the less likely (Gordon, 1967; LaBerge & Tweedy, 1964) . This effect of relative probability can be quite substantial, causing RT to vary by 50-100 msec. Our probe condition, however, gave precisely the opposite result: RT was consistently shorter when the least likely direction of movement (90°) occurred. It is striking that a stimulus that appeared 10% of the time or less elicited faster responses than did stimuli that each occurred more than four times as often. This surprising outcome is itself a striking demonstration of the validity of the midway assumption.
Finally, we compare the outcome of the probe condition to that predicted from the multiple-band model. The multiple-band model implies that the observer responds to direction uncertainty by using the output of several different directionally selective mechanisms. Moreover, the model proposes that all mechanisms being monitored make the same contribution to the summed activity of the multiple band. If the observer uses mechanisms that cover a sufficiently wide region of the direction continuum, the model predicts that RTs to all three of the possible directions should be elevated by the same amount. Of course, the actual outcome is quite different: Whereas the RTs to 60° and 120° were substantially elevated, the RTs to 90° were unchanged by the presence of direction uncertainty.
Experiment 3
Among the implicit assumptions embodied in Figure 1 is the uniformity of tuning breadth for mechanisms across the entire direction continuum. Experiments 3 and 4 were designed to provide converging information as to that assumption's correctness. Consider the sorts of observations that could bear on this issue. Sensitivity to static targets varies with their orientation, most observers being more sensitive to horizontal or vertical contours than to oblique ones (Appelle, 1972) . As a result, human pattern perception is said to be anisotropic.There is a corresponding anisotropy in the precision with which small changes in orientation of otherwise visible targets can be discriminated. In particular, difference thresholds for orientation are smaller around vertical and horizontal than around the oblique axes. These anisotropies, in response to orientation, have led some to suggest a differential breadth of tuning for mechanisms sensitive to various orientations (Appelle, 1972) .
Unfortunately, we cannot use these observations on orientation to decide whether motion-sensitive mechanisms are tuned with varying breadths at different points on the direction continuum. Since there is good reason to suppose a functional separation between mechanisms sensitive to pattern and mechanisms sensitive to motion (Sekuler & Levinson, 1977) , the differential tuning of direction-sensitive mechanisms has to be addressed on its own.
First we must consider what is known about the anisotropies of motion perception. Previous work presents a complicated picture and generally suggests that if they exist at all, anisotropies in motion perception may be quite subtle. We described some of this work earlier in the introduction. Generally, the work that has been done suggests that the threshold for detecting motion may be unrelated to its direction (e.g., Levinson & Sekuler, 1980) . However, recall that two different kinds of anisotropies have been reported for static targets: one associated with sensitivity, the other associated with discrimination or difference thresholds. The studies described earlier (Ball & Sekuler, 1979; Levinson & Sekuler, 1980 ; Marshak, Note 1) merely show that sensitivity does not vary with direction of movement. They do not deny that motion perception might still exhibit the other kind of anisotropy, associated with sharpness of discrimination. To test this possibility, we designed an experiment that could detect discrimination anisotropies of the most likely sort. Our plan was that if discrimination of direction proved to be anisotropic, we would attempt to relate the anisotropy to differences in tuning of mechanisms in various regions of the direction continuum.
Method
Stimuli. This experiment used the method of constant stimuli to measure difference thresholds (DLs) for direction of motion. Stimuli were the same moving arrays of random dots used previously. Each trial consisted of two intervals that were 600 msec long and separated by an interval of 1 sec, during which the CRT display was blank. The first interval contained motion in a standard direction, either upward (90°) or oblique (45°). The second interval contained movement in a comparison direction, either the same as the standard, 1° or 2° clockwise or counterclockwise relative to the standard direction. The observers' task was to indicate, following the second interval, whether movement in that interval was clockwise or counterclockwise relative to the direction presented in the first interval. The five possibilities for each trial (1° clockwise, 2° clockwise, standard direction; 1° counterclockwise, 2° counterclockwise) were randomized. One hundred trials (20 of each direction of motion) were run per block. In each block, the standard direction of motion in the first interval of each trial, either upward or oblique, was held constant. All motion, regardless of direction, was at 5.37sec.
Observers
Observers were three volunteers experienced in psychophysical tasks. Each had normal, 20/20, or corrected-to-normal vision. Two of the observers were naive with respect to the hypotheses of interest; the other was the first author.
Results
Clockwise judgments were tabulated for each observer for all directions of comparison motion. These judgments, tabulated separately for upward and oblique standard directions, were converted into proportions and then into the corresponding z scores. These z scores are plotted in Figure 5 against the comparison directions that gave rise to them. A least squares procedure was used to determine the lines of best fit; these lines are also shown in Figure 5 . From the equations of these lines, we determined the difference thresholds: one half the distance, in degrees, between plus and minus one z. For each observer the DL was larger for the 45° standard than for the 90° standard: 11° versus 3.75°, 5.75° versus 3.38°, and 8.5° versus 3.48°, for Observers KB, CP, and PT, respectively. Averaged across all observers, the DL for upward motion was 3.45° and 8.42° for oblique movement. Thus, DLs for oblique movement were more than twice as large as those for upward movement.
Discussion
The results of Experiment 3 indicate that even though sensitivity to moving targets appears to be isotropic, motion perception does have an anisotropy: Small changes in direction of motion were more easily recognized if the changes were in the neighborhood of 90° than if they were in the neighborhood of 45°. The fact that a difference was observed in the DLs for upward versus directions. These judgments were converted into proportions and then into corresponding Z scores. Z scores are plotted against the various comparison directions that gave rise to them. A least squares procedure was used to determine the lines of best fit that are shown for each standard and each observer. In all cases the 90° standard direction produced a steeper slope with the result that DLs for 45° were more than twice as large as those for 90°.
oblique movement suggests another anisotropy might be present in the motiondetecting system. Specifically, it suggests that the tuning of the mechanisms sensitive to upward and oblique directions of motion should differ in a corresponding manner. The following summarizes our reasoning. Suppose that some perceptual dimension, such as direction of motion, is characterized by a set of tuned mechanisms arrayed along that dimension. Consider a stimulus so positioned on the direction dimension as to produce a maximal response from one mechanism. The response of the mechanism can be characterized by the product of two quantities: (a) the intensity of the stimulus and (b) the sensitivity of the mechanism to that stimulus. If the stimulus changes its position on the direction dimension, the response of the mechanism will decrease. Assume that a just noticeable change in the stimulus requires some criterion change in the mechanism's response. A broadly tuned mechanism will yield that criterion change only after a larger stimulus change than would be required to produce the same criterion change in a more sharply tuned mechanism (Hochberg, 1978) . On the assumption that this psychophysical linking hypothesis is correct, the variation in difference thresholds between upward and oblique directions of motion (Experiment 3) implies that tuning should be narrower around upward (where the difference threshold is smaller) than around oblique (where the difference threshold is larger). Experiment 4 tested this implication by comparing tuning functions around the two directions of motion.
Experiment 4
This experiment generated well-defined tuning functions for two visual mechanisms. One of these, already studied in Experiment 1, is responsible for the detection of upward motion, and the other, not previously studied, is responsible for the detection of motion in an oblique direction (hereafter, oblique will refer to 45°). As in Experiment 1, the tuning function will be developed from the effects of direction uncertainty on RT to onset of movement. The comparison we wished to make between the two tuning curves required data with a finer grain than that shown in Figures 2 and 3 (Experiment 1). To produce such data we used the direction-uncertainty paradigm, as before, but with considerably finer grained variation in the alternate directions.
Method
Stimuli. Apparatus and stimuli were the same as in Experiment 1. Observers depressed a telegraph key at motion onset following a foreperiod during which stationary dots were presented. As before, the random foreperiod varied uniformly from 2 to 3.5 sec. The design of the experiment is best understood by considering four different types of 50-trial blocks in which observers were tested. In "upward certainty" blocks, motion was always upward; in "oblique certainty" blocks, motion was always oblique (45°). In "upward uncertainty" blocks, on a randomly chosen half of the trials, motion was upward and in an alternate direction on the remaining trials; in "oblique uncertainty" blocks, on a randomly chosen half of the trials, motion was 45° and in an alternate direction on the remaining trials. For "upward uncertainty" blocks, the alternate direction was chosen from a set of 15 directions arrayed symmetrically around upward: 0°, 20°, 40°, 50°, 60°, 70°, 80°, 100°, 110°, 120°, 130°, 140°, 160°, 180°, and 270°. For "oblique uncertainty" blocks, the alternate directions were chosen from a set arrayed symmetrically around 45°: 315°, 335°, 355°, 5°, 15°, 25°, 35°, 55°, 65°, 75°, 85°, 95°, 105°, 125°, and 225°. Within any uncertainty block only one alternate direction was used; alternate and nonalternate directions were randomly intermixed. Prior to each block observers were informed which of two directions of motion would be presented. For both upward and oblique motion, equal numbers of certainty and uncertainty blocks were run; in addition, two blocks were run for each alternate direction in combination with upward and oblique test directions.
Observers
The same three observers served in this experiment as in the preceding experiment.
Results
The first five trials presented in each direction were discarded without analysis. In addition, all RTs less than 100 or greater than 600 msec were discarded. From the remaining trials the geometric mean RTs were calculated. To aid comparisons of upward and oblique uncertainty conditions, we normalized the uncertainty for both to the same scale by expressing uncertainty as the difference between the alternate and the standard directions. For example, a block in which upward motion and 70° motion were intermixed would have the same amount of uncertainty-90 minus 70, or 20°-as would a block in which oblique and 25° motions were intermixed-45 minus 25, which is also 20°. This normalized expression of uncertainty has been employed in our statistical treatment of the data as well as their graphic presentation. Figure 6 shows the effect of direction uncertainty on RTs to upward as well as to oblique motion. Note that RT to either direction increases as the amount of uncertainty increases; this is, of course, consistent with the results of Experiment 1. Moreover, for Note that the two curves do not have the same shape, indicating that the tuning for the directional mechanism most sensitive to 45° is broader than that for the mechanism most sensitive to 90° movement. STD = standard.) small amounts of uncertainty, RT to upward motion increases somewhat more rapidly with increasing uncertainty than does RT to oblique motion.
An analysis of variance showed a significant interaction between direction of motion and condition (upward vs. oblique), F(15, 30) = 2.52, p < .05. This interaction indicates that the two curves shown in Figure 6 are not superimposable, that is, they do not have the same shape. In addition, within each condition (upward or oblique) the effect of direction was also significant, F(15, 30) = 13.68, p < .001. This indicates that as the difference between the standard and alternate direction grows, RT increases significantly.
Discussion
The difference between tuning functions measured for upward and oblique motions is consistent with the outcome of Experiment 3, that is, the more broadly tuned directional mechanism corresponding to the larger DL. We wish to emphasize that this correspondence is strictly qualitative; without several additional assumptions that we cannot now fully justify, quantitative predictions of the relationship between DL size and breadth of tuning are not possible. But we hope that the success of the present experiment will encourage efforts to develop a quantitative treatment of the relationship between breadth of tuning and DL. Note that taken together, Experiments 3 and 4 suggest a revision of the model of direction selectivity illustrated in Figure 1 . In particular, it seems likely that breadth of tuning of motion mechanisms varies from one portion of the direction continuum to another. However, at the moment, we lack sufficient information to provide a quantitative description of that variation.
Experiment 5
The preceding four experiments have all dealt with one aspect of visual motion, its direction. Speed of movement, held constant throughout, has been virtually ignored. But there are good reasons to suppose the existence of mechanisms tuned for various speeds as well (Breitmeyer, 1973; Pantle & Sekuler, 1968) . Any such mechanism would be maximally sensitive to a certain range of speeds and less sensitive to other speeds. Thus if one mechanism is most sensitive to motion at 4°/sec, a stim- ulus moving at that speed should yield the lowest threshold or, correspondingly, the highest signal/noise ratio for that mechanism; response to other speeds would be attenuated in proportion to the mechanism's reduced sensitivity to those speeds. Experiment 5 will contribute in two ways to a more complete model of motion perception. First, this experiment will indicate whether speed uncertainty does actually reduce performance. The resulting measurements of speed uncertainty will provide an estimate of the relative selectivity of motion mechanisms to changing speed and changing direction. Second, this experiment will lay the foundation for a later inquiry into the relationship between the neural representations of speed and direction information (Experiment 7).
Method
Stimuli. The same apparatus and stimuli were used as previously; now, however, only upward motion was presented. RTs were measured to motion onset following a random foreperiod of 2-3.5 sec during which stationary dots were presented. Trials were run in two types of 50-trial blocks, speed certainty and speed uncertainty. In certainty blocks, speed was held constant; in uncertainty blocks, two different speeds alternated randomly. All speeds were chosen from a set of eight: .25, .5, 1, 2, 4, 8, 16 , and 32°/sec. In addition to its use in certainty blocks, every one of the eight speeds was paired with every other one in uncertainty blocks. This produced 8 x 8 or 64 different speed conditions, certainty and uncertainty.
Observers
The first author was tested extensively for a total of 100 trials in two blocks for each of the 64 pairs of stimulus speeds. Two other observers, naive as to the aim of the research, were tested, but only in half as many trials. Figure 7 shows the effect of speed uncertainty on RTs to three different speeds, the fastest, the slowest, and a speed in the center of our range. Figure 7 is based on the data of the first author only. Other ob- servers gave similar but somewhat less regular functions based, as they are, on only half as many trials. Consider first the curve for .25°/sec uncertainty conditions: RT to a stimulus moving at .25°/sec increases as the observer is faced with uncertainty between that relatively slow speed and increasingly faster alternate speeds. An analogous effect, but in the opposite direction, occurs with the fastest stimulus, 32°/sec: RT to motion at 327sec increases as the observer is faced with uncertainty between that relatively fast speed and alternate speeds that are increasingly slower. Finally, the curve for RTs to 4°/sec exhibits two limbs, a declining one as the alternate speed approaches 4°/sec from below, and a rising one, as the alternate speed exceeds 4°/sec by greater amounts. Note that Figure 7 shows only a small fraction of the data for just one of the observers. Although the figure would have become visually quite complicated, we could have plotted curves for each of the eight different speeds in addition to the three we have shown. Figure 8 shows all data from the experiment in a form that is visually uncomplicated. Data from all three observers and all eight speeds have been normalized, combined, and plotted. Each data point represents the same number of trials for all three observers except for those points six and seven octaves away from the standard speed; only the first author was tested at those values. This summary curve is slightly broader than those of Figure 7 , but the general shape is quite similar. Since RT varied so strongly as a function of speed, we were concerned that baseline (certainty) conditions might be contaminated by a speed-accuracy trade-off (Wickelgren, 1977) . For example, observers might have achieved the average shorter reaction times to the higher velocity stimuli at the cost of additional premature responses. We were encouraged that this was not the case by the fact that premature responses occurred on only about 2% of all trials, and that they did so in a manner unrelated to stimulus speed. Thus it is unlikely that the data portrayed in Figure 8 are contaminated by a speed-accuracy trade-off.
Results

Discussion
To produce substantial elevations in RT to a standard speed, the alternate speed in this experiment had to be quite different from that of the standard. For example, Figure 8 shows that the alternate speed had to differ from the standard by a factor of 8 (three octaves) to elevate RT by just 10%. We can compare uncertainty effects between the domains of direction and speed by estimating how much direction uncertainty would be required to produce a comparable, 10% change in RT. As Figure  6 indicates, uncertainty between two directions separated by 60° elevated RT by 10%. Thus, there is an equivalence between three octaves of speed uncertainty and 60° of direction uncertainty. The following will give the reader a clearer idea of how large a range is represented by a three-octave change in speed. Under the conditions of our experiments, the slowest speed that can be reliably detected is approximately .125 0 / sec; at the other end of the speed continuum, RT has asymptoted at approximately 32°/sec-faster speeds do not produce further decreases in RT. Hence, the entire range of speeds over which RT is meaningfully related to speed covers eight octaves. In Experiment 7 we return to the effect of speed uncertainty and its relationship to uncertainty about direction.
In our earlier RT experiments, the various directions of motion tested all yielded essentially the same RTs under conditions of direction certainty (Ball & Sekuler, 1979) . This constancy of RT for all certainty conditions made the definition of baseline, against which to evaluate uncertainty effects, straightforward. In the present experiment it was not possible to define a common RT baseline for all conditions of speed certainty. The reason for this can be seen clearly in Figure 9 , where RTs in conditions of certainty are plotted against stimulus speed. This RT versus speed function will be discussed in some detail later in the General Discussion section. For the moment it is sufficient to recognize that because RT does vary with speed, uncertainty effects that represent a constant proportion will not correspond to a constant change in the absolute RTs themselves. For example, a 10% effect of uncertainty corresponds to an increment of 35 msec when stimulus motion is .25°/sec and to an increment of about 20 msec when stimulus motion is 32°/sec.
As we have done for previous experiments, we determined whether uncertainty exerted symmetrical effects on both members of a pair of possible stimuli in each block of trials. In this experiment, of course, stimuli in each block of trials were pairs of different speeds. Throughout our analysis we expressed the effect of uncertainty on RT in ratio terms: RT to a stimulus under uncertainty divided by the RT to the stimulus under certainty. When we use this ratio expression to describe the effect of uncertainty on each member of a speed pair, we find that both have been equally affected by the uncertainty. For example, with Observer KB, the average difference between RT elevation ratios for any pair of speeds was .2%, a value not significantly different from zero. The symmetry of the effect of uncertainty on both members of each speed pair is also suggested in another way. We computed a linear regression, treating the RT elevation ratio for the faster of the two speeds as the x variable and the ratio for the slower of the two speeds as the y variable. If uncertainty had perfectly equivalent effects on RT to both the faster and slower speeds, the slope of the regression line would be 1.0 and its y intercept would be equal to zero. The computed regression line is virtually identical to this expectation, having a slope of 1.03 and an y intercept of -.04 (r = .90, p < .001). This outcome is a clear demonstration that uncertainty has identical effects on responses to both of the stimuli that could occur in any block of trials, the faster stimulus as well as the slower.
Experiment 6
Our experiments on target uncertainty thus far have shown that RT to a moving stimulus is elevated if the observer does not know in advance the speed or direction of the stimulus. But all of our observations on uncertainty thus far have been limited to just one suprathreshold indicator response, RT. Naturally, then, we wondered whether stimulus uncertainty would have a similar effect with another, quite different measure of target visibility, performance on a 2AFC detection task. Perhaps the greatest advantage offered us by the 2AFC task is the ease with which quantitative predictions about the effect of uncertainty can be made for this task. We shall use this task as an arena within which to continue our evaluation of various models of how the observer copes with stimulus uncertainty.
Experiment 6 used a 2AFC method to measure the effects associated with direction of motion uncertainty. Since the forced-choice method is thought to be an objective, criterion-free psychophysical procedure (Green & Swets, 1966) , performance decrements obtained with this procedure would rule out several nonperceptual explanations of the uncertainty effects. In addition, this experiment compared the ability of single-band and multiple-band models to account for the magnitude of decrements in detection performance.
In 2AFC work, in each interval the subject makes an observation that can be transformed to a single variable, x. The value of x tends to be larger when a signal has been presented than when only noise has been presented. The observer is assumed to compare the two values of x obtained during the trial-one from each interval-and ascribe the presentation of a signal to that interval that produces the larger value of x. Of course, when the observer knows the characteristics of the to-be-detected signal, the value of x is derived from the activity of the sensory mechanism that has the greatest sensitivity to the expected signal. So, in our work, when the observer knows the direction in which a target will move, x is derived from the one mechanism that is maximally sensitive to that direction.
Before considering the implications of single-band and multiple-band models for the 2AFC experiment, we should note one general advantage and one general disadvantage that 2AFC offers as an arena within which to test such models. Under some conditions, 2AFC permits precise quantitative predictions to be made about the effects of uncertainty. The disadvantage of this paradigm is that quantitative predictions aside, it has limited power to discriminate among the three models we have been considering. The usual performance measure in 2AFC is percentage correct identification of the interval that contained the signal. Since the estimation of percentage correct requires data to be aggregated over many trials, it is difficult to study trialwise distributions of 2AFC performance, as we could for RTs. Although we could use such trialwise distributions of RTs to discriminate among various models, we cannot do the same for 2AFC performance. Fortunately, as we shall show, 2AFC has other virtues in aiding such discriminations.
Let us now turn to the application of the either-or single-band model. Consider the case in which the angular difference between the possible directions is great enough that the mechanism most sensitive to one of the directions has essentially zero sensitivity to the other direction, and vice versa. Presented with such orthogonal signals, the observer will have normal sensitivity on half of the trials (those that present the direction to which the observer is "tuned") and zero sensitivity on half of the trials (those on which the other direction is presented). The observer will be properly tuned for the stimulus movement on only half of the trials; the other half of the time the observer will be tuned to the wrong direction, and performance on those trials will be at chance. So, for stimuli that are different enough to be detected by orthogonal mechanisms, the either-or model predicts that percentage correct identification of the interval containing the signal should be the average of the percentage correct obtained under conditions of certainty and the percentage correct achieved (50% or chance) on the other trials.
To make a prediction for the same situation, the midway model requires an assumption about the breadth of tuning of the directionally selective mechanism from which the observer derives sensory information. Consider two examples in which the alternative directions are very different from one another. These examples also assume that under conditions of certainty, performance with either alternative direction would be high-on the order of 75% correct. If the midway mechanism were relatively narrow in its tuning, it might have very little or even no sensitivity to either of the alternative stimuli. As a result, 2AFC performance would fall to chance-50% correct identification of the interval containing the signal. But, if the mechanism being used were relatively broad in its tuning, it could have appreciable sensitivity to each of the alternative directions, and could consequently produce some appreciable level of correct performance. Obviously, to make a quantitative prediction we would have to estimate the sensitivity of the midway mechanism to the alternative directions. And in fact, later we shall offer such an estimate and derive numerical predictions from it. However, regardless of the particular estimates selected, the midway model contrasts with both either-or and multiple-band models, since under many conditions the midway model predicts chance performance. But in almost all conditions, and certainly all of the ones we have studied, the other models predict performance considerably better than chance.
As indicated earlier, the key assumption of the multiple-band model is that the effective noise against which the signal must be detected increases when more than one directionally selective mechanism must be monitored. Detectability, given by d', decreases in direct proportion to the standard deviation of the noise process. If two orthogonal mechanisms contribute to the noise, the standard deviation of the sum will be maximal and equal to the square root of the sum of their respective variances. Such a condition would obtain when the center directions of the two directionally selective mechanisms were sufficiently different, and hence the two sources of noise were uncorrelated. If the two mechanisms were not orthogonal, the correlation between their noise processes would reduce the performance loss.
Method
Stimuli. The same apparatus and stimuli were used in this experiment as were used in Experiments 1 and 2. As before, the CRT was constantly bathed in a veiling luminance of 1.7 cd/m 2 . Each trial was divided into two intervals, each 600 msec long, separated by 1 sec. During one of the intervals, dots moved steadily at 5.37sec.; at all other times, including the other interval, the CRT screen was blank (except for the veiling light). The observer's task was to identify the interval that contained the moving dots. A random-number algorithm determined which interval, first or second, would contain the dots and which would be blank. A high-pitched tone defined the intervals for the observer.
In the stimulus-certainty condition, target motion was always upward. This permitted the observer to be sure about the direction that the dots would take. In the stimulus-uncertainty condition, the direction of movement was unpredictable from one trial to the next; half of the time the dots moved upward and half of the time they moved in some other, alternate direction. Note that judgment about direction of movement was not required of the observer, only the identification of the interval in which dots were presented.
Fifty-trial blocks of uncertainty and certainty conditions were run in alternation. Before each block the observer was informed about which condition would follow. Alternation of the two conditions ensured that any systematic long-term effects, such as fatigue, would affect both conditions equally. To optimize the observer's performance, feedback was given after each correct response. The feedback took the form of a highpitched auditory signal. Two types of uncertainty conditions were tested; they differed in the set of directions that could occur on any trial. Each stimulus set consisted of two directions, one of which was 90°( upward). In one uncertainty condition, 90° alternated randomly from trial to trial with movement at 180°( leftward); in the other, 90° alternated randomly with movement at 120°. Note that the uncertainty in the first of these conditions is between directions that differ by 90°; in the second condition uncertainty is between directions that differ by only 30°.
Before collecting actual data from any observer, we determined the luminance at which dots had to be presented to yield about 75% correct performance under conditions of stimulus certainty. That same incremental luminance was used for all subsequent trials, for certainty as well as uncertainty conditions. A total of 300 trials were run per observer in each of the two types of uncertainty conditions; 600 trials were run per observer in the certainty condition.
Observers
Three observers, all of whom had served previously, took part in this experiment.
Results
In the initial part of our treatment of the results, we shall consider only data from those trials on which the movement was 90°. Since this direction was common to all conditions of the experiment, the comparability BLOCK NUMBER Figure 10 . Percentage correct performance for certainty and uncertainty conditions in Experiment 6 shown for Observer KB. (A two-alternative, forcedchoice procedure was used to measure detection of upward and rightward moving stimuli. Six certainty blocks and six uncertainty blocks are presented. Note that in the uncertainty condition there was no systematic difference between performance on trials whose movement was upward and those on which movement was rightward.)
of the data will be enhanced by this restriction. We shall present data separately for the two levels of direction uncertainty, beginning with data from the larger degree of uncertainty, 90° versus 180°. For those certainty measurements made in conjunction with the 90° versus 180° uncertainty condition, percentages correct were 77, 77, and 74, for Observers KB, CP, and PT, respectively. In the uncertainty condition, corresponding performances declined to 56, 51, and 51. Thus, under conditions of uncertainty between 90° and 180°, observers' performance declined by an average of 23%, to 53%, virtually to chance level for the 2AFC procedure. For all observers there was a wide separation between the 95% confidence intervals surrounding the means for stimulus-uncertainty and stimulus-certainty conditions.
Somewhat different results were obtained when the alternative directions were 90° and 120° rather than 90° and 180°. The mean percentages correct in the certainty condition were 77, 72, and 75, for Observers KB, CP, and PT, respectively. Corresponding values in the uncertainty condition were 65, 59, and 60. Thus uncertainty between 90° and 120° diminished average performance by 13%, from 74% with certainty to 61% with uncertainty. This contrasts with the larger effects found with uncertainty between 90° and 180°.
As we have noted, the 2AFC procedure yields performance measures for both of the alternate directions, for example, 90° and 180°. The average difference between the two directions was only 7.1%, with a standard deviation of 5.2%. Given our 50-trial blocks, this average difference corresponded to a performance difference of slightly more than three trials. This nearly equal reduction in performance for both alternatives is reminiscent of the equal RT elevation for both alternatives found in earlier experiments.
Occasionally, there was as much as a 20% difference between the percentage correct detection of the two possible directions. This would suggest that the observer maximized detection of one possible stimulus at the expense of the other. However, in the majority of 50-trial blocks, observers appeared to be detecting each of the two alternate directions about equally well. That there was no systematic difference between performance on trials whose movement was upward and those trials whose movement was rightward can be seen in Figure 10 . In this figure we have presented one observer's data for each of six 50-trial blocks, separately for the two possible directions of motion.
Discussion
These results support the proposition that moving targets are easier to detect when the observer knows what direction to expect. Performance was strongly affected by uncertainty: percentage correct detection of the same upward moving target dropped when either of two directions was possible. Furthermore, when the alternate directions differed by 90°, performance fell nearly to chance; when the alternate directions differed by only 30° performance declined less. This difference is qualitatively consistent with what one would expect from the RT uncertainty data in Figures 2, 3 , and 6. Whether one uses RT or a 2AFC indicator response, then, uncertainty affects the visibility of moving targets.
Predictions from the multiple-band, Either-Or, and midway models are shown in Table 1 . In generating predictions for the multiple-band and either-or models, we have assumed that alternative directions were sufficiently different to affect orthogonal mechanisms. Although one may well question this assumption of orthogonality when the uncertainty was between 90° and 120°, the tuning curves derived earlier, from RT data, suggest that the assumption may be appropriate for the case of uncertainty between 90° and 180°. We offer no predictions for the midway model in the case of 90°v ersus 120°. Instead, we used the data from that condition, in conjunction with the RT tuning curve of Figure 6 , to estimate the expected loss of sensitivity under the conditions of greater uncertainty, 90° versus 180°. The following outlines the method we used.
Since percentage correct is a distinctly nonlinear function of sensitivity, for purposes of the predictions we converted percentage correct values into equivalent d's (Table II in Appendix 1, Swets, 1964) . The three observers in the 90° versus 120° uncertainty condition suffered an average loss of 13% correct, corresponding to a decline in d' of .54. According to the midway model, with uncertainty between directions separated by 30°, performance reflects the midway mechanism's sensitivity 15° from its center direction. Thus the decline in d' produced by uncertainty in the 90° versus 120°c ondition tells us how much the sensitivity of the midway mechanism drops from its peak to a point 15° away. To estimate how big the loss should be under conditions of greater uncertainty, we turned to Experiment 4. In that experiment, an uncertainty of 30° caused the baseline RT to increase by an average of 14 msec; an uncertainty of 90° caused the RT to increase by 25 msec. The midway model implies that the former value corresponds to sensitivity measured 15° from the mechanism's peak; the latter value corresponds to sensitivity measured 45° from its peak. From the RT elevations, the model suggests that sensitivities at 45°a nd 15° from the peak are related as 14:25. If RT were a linear function of sensitivity, the midway mechanism would be only 14/25 as sensitive to a direction 45° from its center direction as it would be to a direction 15° away. This leads to the simple proposition that the sensitivity loss in the 2 AFC measures of uncertainty would be the reciprocal of 14/25, or 1.8 times greater with 90° versus 180° than with 90° versus 120°. The predicted values shown for the midway model are derived from that assumption.
In working through Table 1 , note first that the models for which predictions are offered each do fairly well in predicting performance for the smaller amount of uncertainty, between 90° and 120°. The average discrepancy between obtained and predicted is 6% for the either-or model and 7% for the multiple-band model. The former underestimates performance, whereas the latter overestimates performance.
The other, larger, amount of uncertainty, 90° versus 180°, does a more satisfactory job of differentiating among models. Both either-or and multiple-band models appreciably underestimate the performance loss produced by this amount of uncertainty; the average underestimation is slightly above 10% for the either-or model and slightly above 16% for the multiple-band model. The predictions for the midway odel are more in line with the obtained outcome: The average discrepancy between obtained and predicted for the midway model is 2%. Of course, the model's success depends on an appropriate estimate for the rate at which the midway mechanism's sensitivity declines with distance from its center direction. As a result, its success may be gratuitous. In fact, any estimated change in sensitivity as large or larger than the one we used will predict chance performance. Such predictions will, of course, match the data quite well.
One may wonder whether the other singleband model, either-or, might make more accurate predictions if it incorporated a similar estimate of tuning. This estimate of tuning, in the either-or model, would substitute for the assumption of zero sensitivity on those trials on which the observer was monitoring the "wrong" mechanism. In fact, if we substitute for zero sensitivity on half of the trials, the same sensitivity decline used in the midway model calculations actually makes the predictions for the either-or model slightly more discrepant from the obtained data.
Experiment 7
Our earlier experiments with RTs demonstrated that uncertainty about either target speed or target direction affected performance. Additionally, direction uncertainty, in Experiment 6, diminished performance in a 2AFC detection task. Here, we wished to exploit the fact that one can get uncertainty effects in a forced-choice experiment, to answer two related questions raised by our earlier RT work. First, what sort of quantitative equivalences are there between the two sources of uncertainty that we have been studying? In concrete terms, how much direction uncertainty could be considered equivalent to a given amount of speed uncertainty? Second, what is the general relationship between the two sources of uncertainty? Specifically, are the two uncertainty effects additive or not? As we shall see, this latter question has considerable power to define the permissible relationships between visual mechanisms responsible for coding stimulus speed and visual mechanisms that code stimulus direction.
Our plan was to measure the effects of direction uncertainty alone and of speed uncertainty alone. We would then compare the sum of these individual effects with the effect produced by simultaneous uncertainty about both speed and direction. Of particular interest is the possibility that combined uncertainty from the two sources might add in a way that demonstrates that speed and direction are processed by orthogonal visual mechanisms.
In modeling, we assume that in the human visual system, mechanisms that code target speed and those that code visual direction are independent of one another. This testable assumption motivates numerical predictions for the combined effects of uncertainty about speed and direction. To aid the analysis we chose to express results in terms of d' rather than percentage correct. The reason was that although percentage correct is likely to be nonlinearly related to sensitivity, the relationship of d' to sensitivity is by definition linear (Green & Swets, 1966) . Let Ls be the loss in sensitivity attributable to uncertainty about speed; let Ld be the loss in sensitivity attributable to uncertainty about direction; and let Ls,d be the sensitivity loss attributable to combined uncertainty about both, simultaneously. Consider a coordinate system whose origin represents an observer's sensitivity in the absence of both direction and speed uncertainty. Let x distances from the origin in a negative direction signify the sensitivity loss due to speed, Ls. Let y distances from the origin in a negative direction signify the sensitivity loss due to direction uncertainty, Ld. If mechanisms that code speed and direction were orthogonal to one another, the axes along which their respective losses in sensitivity due to uncertainty are represented would also be orthogonal. 
Method
Stimuli. Apparatus and stimuli were unchanged from the previous experiments. The trial structure was that of Experiment 6, with each trial containing two 600-msec intervals. The observer had to identify the interval, first or second, that contained moving dots. Trials were run in blocks of 50 each. Conditions were of four major types: certainty, direction uncertainty, speed uncertainty, and combined direction-speed uncertainty.
Our experimental design, summarized in Table 2 , required us to run two types of certainty blocks. In one block, motion was always 4°/sec in a direction of 90°; in the other, motion was always l°/sec, also in a direction of 90°. In speed-uncertainty blocks, dots either moved at l°/sec or at 47sec, with the two speeds alternating unpredictably from trial to trial. In half of the speed uncertainty blocks, all movement was in a direction of 90°; in the other half, all movement was in a direction of 120°. In direction-uncertainty blocks, dots either moved at 90° or 120°, with the two directions alternating unpredictably from one trial to the next. In half of the directionuncertainty blocks, movement was always at l°/sec; in the other half, movement was always at 4°/sec. In blocks of combined speed-direction uncertainty, four stimuli were presented randomly: 90° at 47sec, 90° at l°/sec, 120° at 47sec, and 120° at 17sec. Before each block, whatever the type, the observer was given a full description of the stimulus possibilities for that block. Blocks of stimulus certainty and stimulus uncertainty were run alternately. Over the course of the experiment, two 50-trial blocks were obtained for each uncertainty condition and observer.
Before data collection was begun with any observer, we determined a luminance for the moving dots that produced approximately 75% correct performance under conditions of stimulus certainty. That same luminance was then used for all experimental measurements. As might be expected, there was some individual variation in the luminances required to produce our criterion performance level; Observer KB's luminance was nearly .3 log units less than those for Observers PT and CP.
Observers
Three observers who had participated in some of the previous experiments served in this one. Of the three, only KB was aware of the purpose of the study, and we felt that the forced-choice method would minimize any possible bias on her part.
Results
The major results of the experiment are shown in Figure 11 for each of the three observers. As the figure suggests, variation from one observer to the next was satisfactorily small. Note first that as expected, percentage correct performance was higher in the certainty conditions than in the various conditions involving one form or another of uncertainty. Overall, performance under conditions of certainty was 75.2%. This value could be broken down in two components, one from certainty blocks involving l°/sec and the other from certainty blocks involving 4°/sec. Performance was virtually identical in the two types of certainty conditions: 74.6% for all certainty blocks with 17sec and 75.9% for all certainty blocks with 47sec.
Let us now consider performance with the various uncertainty conditions. Average percentage correct was 61.3, 63.8, and 58.3 for conditions of direction uncertainty, speed uncertainty, and combined direction-speed uncertainty, respectively. Although we shall postpone detailed treatment of the differences among uncertainty conditions, we should note that the combined effect of uncertainty from the two sources, direction and speed, reduces detection performance only a little more than does uncertainty from either source alone.
Discussion
A major purpose of Experiment 7 was to determine the manner in which different sources of uncertainty interacted to control performance. Table 3 shows the values of Ls,d obtained and those predicted on the assumption of orthogonality of the sensitivity losses to speed and direction uncertainty. Odd rows give obtained and predicted values for conditions in which movement was 17sec; even rows give values for 47 sec. Where the obtained value of performance loss (Ls,d) is greater than the predicted, the angle between the axes on which Ld and Ls are represented should be acute. Where the obtained value of Ls,d is less than predicted, the angle between the axes should be obtuse. Of course, experimental error alone would produce some random fluctuations in the data. From the data shown in Table 3 , we calculated the angle between the axes that are implied by the obtained Ls,d values. For Observer KB the implied angles are 85.2°a nd 94.5°; for PT, 92.1° and 87.1°; and for CP, 64.0° and 62.0°. For two of the three observers, then, the obtained effects of combined speed and direction uncertainty strongly support the hypothesis that speed and direction of motion are coded on orthogonal axes.
General Discussion
Several important theoretical issues have arisen from the studies and models presented in this article. Although these issues are obviously interrelated, we shall, for ease of explication, try to treat them separately and seriatim. Where appropriate, we shall make explicit references to the interrelationships among the various topics discussed in this section.
Comparing Performance of Models for Uncertainty
Throughout this article we have brought a variety of observations to bear on three different models of an observer's response to uncertainty about the characteristics of a potentially moving target. The three models, including the multiple-band model and two different, single-band models, have fared differentially under these pressures. Since the tests of the models were scattered over many of the experiments reported here, it will be useful to summarize the more critical outcomes here. One convenient summary is provided by Table 4 , in which a model's successes are designated by a plus and its failures by a minus. Let us consider each model's performance in turn.
The standard form of the single-band model, one that we have termed the either- or model, failed on two counts. First, in RT experiments the distributions of RTs lacked the bimodality that this model requires. Second, in the 2AFC data of Experiment 6, the either-or model substantially underestimated the amount by which performance declined when the observer was uncertain between 90° and 180°; it did considerably better when the observer was uncertain between 90° and 120°. But again, we must note that even here its success was somewhat incomplete; in making the calculations for the case of 60° versus 120°, we have to use a rather doubtful assumption, namely the orthogonality of mechanisms with center directions of 60° and 120°. Generally, then, the scorecard for the either-or model is poor.
By comparison, the performance of the midway model is quite satisfactory. Like the other models, it successfully predicted that performance for both alternative stimuli would be affected by uncertainty (Experiments 1, 2, 4, 5, and 6) . However, only the midway model succeeded in predicting the outcome of the probe experiment (Experiment 2) in which one rare stimulus (90°) was intermixed with two common stimuli (60° and 120°). Only this model could account for the finding that although RTs to 90° and 120° were elevated, RTs to 90 were not. In addition, only the midway model successfully estimated the extraordinary performance losses found with the 2AFC procedure and uncertainty between 90°a nd 180° (Experiment 6). Although we cannot make strong claims for the particular sensitivity profiles we used in making the predictions, we do feel that any number of other profiles, when inserted into the framework of this model, could have come just as close. Of course, we believe it is more than coincidence that the profile we did use, based on the RT data of Experiment 4, proved to be appropriate.
Finally, we must consider the record of the multiple-band model. It suffered two rather glaring failures. First, it predicted that RTs for all of the possible directions would be elevated in the probe condition of Experiment 2. Second, it substantially underestimated the performance loss with the greater degree of direction uncertainty in the 2AFC paradigm (Experiment 6).
Alternative Explanations of Uncertainty Effects
Traditionally, there has been considerable skepticism that certainty about some characteristic of a stimulus or expectation that a particular stimulus would occur could affect perception in any direct manner. In fact, most of the experiments designed to demonstrate such effects have lent themselves quite well to alternative explanations (Egeth, 1967; Haber, 1966) . We believe that these alternative explanations can be divided into four sets, each of which focuses on one particular explanatory concept.
One might suggest that expectation or certainty produces a response bias, a tendency for the observer to make particular responses, almost regardless of what is perceived. This type of explanation is inappropriate for both our RT and 2AFC experiments. For example, since the RT experiments involved just a single response, that is, pressing only one button, it is difficult to imagine how the observer might introduce a response bias into this particular situation. Of course, the 2AFC experiments do permit two responses to be made, a guess that motion occurred in the first interval or a guess that motion occurred in the second interval. Although the 2AFC procedure is commonly held to be immune to response biases, we do not think this is necessarily the case. Response bias could take forms that, although unlikely a priori, could nevertheless produce differential performance in certainty and uncertainty conditions. Suppose, for example, that observers tended to use both responses with equal frequency in the certainty conditions but tended to favor one response in the uncertainty condition (Erlebacher & Sekuler, 1971) . Since the movement was evenly distributed between the intervals, this response bias could lead to lower performance in uncertainty than in certainty. We examined the pattern of responses made by observers in our 2AFC experiments and discovered that the relative proportions of first-interval and second-interval guesses were the same for certainty as for uncertainty conditions. As a result, here, too, we do not think that response bias-either toward or against one interval-could account for the effects of uncertainty as measured in the 2AFC procedure.
In other work on the effects of expectation, one could point to orienting responses and suggest that expectation caused an observer to look at a particular part of the display rather than at the place where the experimenter wished. Such orienting responses would cause the expected target location to be imaged on a more sensitive portion of the retina, thereby spuriously enhancing sensitivity. Such orienting responses might play an important part in work on spatial uncertainty, the effect of being uncertain as to precisely where the to-be-detected stimulus will occur. As an aside, we should note the fact that a very small amount of spatial uncertainty-on the order of 25 minutes of arc-can produce a substantial loss in detectability. This means that gross orienting responses would not be required to account for all performance losses associated with spatial uncertainty . More to the point, we do not think that orienting responses could account for our own results. In particular, in neither of our procedures would an observer gain by changing fixation between conditions of certainty and conditions of uncertainty. Our movement patterns covered the entirety of an 8°-diameter CRT, and as long as an observer looked in the general vicinity of the display center, we would expect performance to be unaltered by changes in fixation. Such a spatially distributed stimulus makes it hard to explain our uncertainty effects in terms of differential orienting responses between certainty and uncertainty conditions.
A third class of alternative explanation for the effects of uncertainty or expectation focuses on order of report. Here, it is suggested that expectation alters the order in which the observer judges several independent attributes of some complex stimulus. This might affect performance via either of two pathways; each requires that with the delay of report about some stimulus attribute, the perceptual clarity of that attribute diminishes (as a function of time since stimulus termination). Certainty could aid performance by speeding up the rate at which judgments are made about the stimulus, minimizing the effects of fading on particular attributes. Alternatively, certainty might help the observer judge the most important stimulus attribute first, thereby ensuring at least that one attribute was correctly reported. In our experiments, however, observers only had to judge a single aspect of the stimulus. Additionally, in the RT paradigm stimuli remained visible until terminated by the observer's response. This would eliminate fading of the percept as a possible concern, thereby foreclosing order of report as a potential explanatory concept.
Finally, we must consider how eye movements may have contributed to our results. Although a highly visible fixation point was always present and observers were instructed to maintain careful fixation, involuntary eye movements could have occurred. Such eye movements would have altered the net retinal image motion produced by our moving dots. The change in retinal image motion would depend on the relationship between (a) direction and speed of the eye movements and (b) direction and speed of the dots. For example, if directions and speeds of eyes and dots were well matched, the net image motion would be much smaller than it would have been in the absence of eye movements. Obviously, this changed retinal image motion could have affected the detectability of our moving dots and hence the performance of our observers.
But if they are to explain our results, involuntary eye movements would have to have two unusual characteristics: first, they would have to be in progress before the dots ever moved, and second, they would have to vary with the observer's certainty or expectation about the direction in which dots would move. Although the second of these two requirements may be obvious, the first needs some explanation. To understand the requirement that eye movements be anticipatory, recall that we found effects of uncertainty with RT as an indicator response. In those experiments, baseline RTs were on the order of 200-225 msec. A large part-about 100 msec-of such RTs is attributable to nonsensory processes that occur after detection (Woodworth & Schlosberg, 1954) . This means that detection would have occurred, and a decision to respond would have been made, by the time the dots had been moving for less than 100-125 msec. The latencies of both pursuit and saccadic eye movements, 125 msec for the former and 200 msec for the latter, make it unlikely that either type of eye movement would have been initiated on a regular basis before the dot motion was detected (Robinson, 1968) . Since such eye movements would not have been initiated, they could not have altered the retinal image motion. Given such latencies, to mediate our results with direction uncertainty, the eyes would have to be in motion before the dots themselves moved.
In recent articles, Steinman (1979a, 1979b, in press) described such anticipatory eye movements. About 350 msec before they think a target will move, observers involuntarily begin to move their eyes. These slow, anticipatory eye movements go in the direction in which the observer expects the target to move. The anticipatory eye movements are obligatory: Instruction, training, or distraction all fail to eliminate them. Consider how these anticipatory movements might affect our experiments. In conditions of direction certainty, eye movements would tend to be in the direction in which dots moved; in conditions of direction uncertainty, eye movements would be less well correlated with the direction in which dots moved. Obviously, the net retinal image motion would be different under these two conditions.
But we do not think that anticipatory eye movements actually contributed to our results. Kowler and Steinman (1979b) reported that anticipatory eye movements have relatively low maximum velocitiesless than 30 minutes of arc/sec. Now consider the worst possible effect that 30-minutes of arc/sec eye movements could have on the stimuli used in most of our RT experiments, that is, dots moving at 4°/sec. Slow anticipatory eye movements in the direction that the dots move would reduce their retinal image motion to 3.5°/sec; eye movements in the opposite direction would increase retinal image motion to 4.5°/sec. From Figure 9 we estimate that RT would change only by 5 or 6 msec as retinal image motion changed from 3.5° to 4.5°/sec. Obviously, then, even in the worst possible case, anticipatory eye movements cannot explain how uncertainty could change RT by 25 or 30 msec, as indeed it did in our experiments.
A similar argument can be made for the effects of uncertainty on performance with the 2AFC paradigm. Introducing extreme amounts of direction uncertainty decreases 2AFC performance far more drastically than would a simple l°/sec change in retinal image velocity. In fact, this was shown quite clearly in Experiment 7: A fourfold change in stimulus velocity had virtually no effect on 2AFC performance. As a result, we doubt that anticipatory eye movements, the only form of eye movement that could influence our results, played any role in the experiments we have reported.
Since none of these four classes of alternative explanations seems to apply to our results and experimental procedures, we have increased confidence that the performance losses we observed with stimulus uncertainty actually do represent effects on perception itself. This fact is more easily accepted if one recognizes that such effects are precisely what would be expected from any system, human or otherwise, biological or nonbiological, designed to detect a moving stimulus.
Rationale for RT as Indicator Response
As indicated earlier, we had several reasons for working with RTs in several of the experiments described herein. One reason stems from a general concern with the ecological validity (Neisser, 1976 ) of our studies. We believe that outside the laboratory, observers are more often concerned with rapid response to highly visible targets than they are with detecting nearthreshold targets. We believe this is particularly true for moving targets, to which rapid responses can be literally a matter of life and death (Sekuler & Levinson, 1977) .
RT offers another advantage that is particularly important when measuring effects like direction uncertainty. Unlike other measures we have used, RT does not suffer from a severely restricted operating range. The operating range of the dependent variable can be a serious problem with an independent variable as powerful as direction uncertainty. Although RT increases continuously as uncertainty increases from 0° to 180°, measures such as percentage correct in a 2AFC procedure drop to chance levels long before the entire stimulus uncertainty range is spanned. Thus, once some relatively small amount of direction uncertainty has been introduced, percentage correct can no longer track further increases in uncertainty. Obviously, dependent variables such as percentage correct have serious limitations in work on uncertainty.
But whatever advantages there may be to the use of RT as an index of the effect of stimulus uncertainty, the particular use to which we have put this index raises a major theoretical issue: What, after all, is the relationship between RT and sensitivity of the hypothesized motion-analyzing mechanisms? In particular, there is good reason to suspect in related areas of investigation that RT bears a highly nonlinear relationship to visual sensitivity (Teichner & Krebs, 1972) . Since Experiments 1, 2, and 4 estimate sensitivity from RTs, we must examine that measure's limitations. The absence of sufficient data converging on other measures, such as d', gives the following argument added significance.
Some distinctly nonlinear systems can be treated by linear approximations if the inputs are kept small enough to minimize the consequences of the system's nonlinearity. Analogously, the response of a nonlinear system can be treated as linear, as long as the analysis is restricted to some small portion of the system's entire response range. Suppose, for example, that a system of interest to us had a response that was some power function of input over its entire response range. If we restricted ourselves to increasingly smaller portions of the response range, then the nonlinear character of that portion of the response range would become increasingly less detectable. This approach to linearization by means of response range restriction is applicable in Experiments 1, 2, and 4 of this article. In the first two experiments, measuring direction uncertainty with RT, the entire response range produced was only 30-35 msec. In the absence of uncertainty, all directions of motion produce virtually identical baseline RTs; the maximum effect of direction uncertainty was about a 15% increase relative to this constant baseline. A 15% increase from the baseline of 200 msec gives a response range of 35 msec. The following numerical example demonstrates that this response range is small enough that data within the range may be treated as linear functions of stimulus intensity. In their review of reaction time work, Teichner and Krebs (1972) present several data sets relating RT to Note. 2AFC = two-alternative, forced-choice. RT = reaction time.
target luminance. Several of these data sets show RT to be a power function of luminance, RT = k* log (LalL) + RT«, where k is approximately 50 msec, La is the luminance that produces an asymptotically short RT, L is target luminance, and RTo is an asymptotic RT, 200 msec. As stimulus luminance decreases from La by four log units, RT increases from 200 msec to 400 msec. The linear component of the variation in RT over those four log units accounts for only 57% of the variance. However, if we calculate RTs derived from precisely the same equation but only consider RTs covering the range from 20 to 240 msec, the linear component accounts for 93% of the variance in the data. Since this 40-msec range exceeds that obtained in any of our experiments, and since the equation we are using represents a serious departure from linearity, the small range restriction for RTs should work quite well to linearize our data. As a result, we think it fair to say that the nonlinearity of the response metric is not a significant impediment to interpreting the RTs of Experiments 1 and 4 as though they were proportional to the sensitivity of the underlying visual mechanisms.
This same argument can be applied to the data of Experiment 5 as well. Under conditions of certainty, RT in that experiment varied over a large range as speed of motion varied. The baseline, certainty RTs varied from 350 msec with speeds of .25°/sec down to 200 msec with speeds of 32°/sec (see Figure 9) . As a result, the same percentage uncertainty effect at slow and at fast speeds corresponds to slightly different actual increments in RT. But here, too, the magnitude of the RT variation attributable to uncertainty itself is always quite small. Thus, in Experiment 5, also, nonlinearity of the RT measure of uncertainty is not a serious obstacle to statements about sensitivity per se.
Relation of RT and Detection Measures
At several points in our work, we collected two performance measures, RT and percentage correct in 2AFC, in similar experimental situations. In comparing results with these two measures, we ignore the issues treated in the preceding section, namely the nonlinear relationship between RT and sensitivity and the restricted range within which percentage correct can track performance.
Experiments 1 and 4 used RT to measure the effects of direction uncertainty; Experiment 6 gave some comparable, 2AFC, measures. Experiment 5 used RT to measure the effects of speed uncertainty; Experiment 7 gave comparable 2AFC measures. Table 5 gives the comparable results from the four experiments, using the two different indicator responses. Unfortunately, only two of the observers in Experiment 7 had previously served in Experiment 5; as a result, the table has an empty cell. In general, there is a tendency for conditions that produce larger percentage changes in RT to produce larger changes in 2AFC performance. To help assess the strength of this relationship, we converted each set of data in Table 5 (RT as well as 2AFC) to ranks and computed a Spearman rank correlation coefficient. Based on the seven pairs of ranks available to us, r s (7) = .59, p > .05. Despite the site of the coefficient, we are encouraged that both of our indicator responses are likely measuring the same things.
But another aspect of our data, not directly concerned with stimulus uncertainty per se, demonstrates a clear and dramatic dissociation between RT and 2AFC performance. Experiment 7 provided 2AFC measures of sensitivity, in the absence of uncertainty, to upward motion at 1° and 47sec. Indeed, for all three observers, when dots moving at both speeds were presented at the same luminance level, virtually identical percentages correct resulted. These values, for 1° and 4°/ sec, were 77 and 77 for KB, 72 and 71 for PT, and 71 and 78 for CP. However, when RTs to these same stimuli were measured in Experiment 5, there was more than a 40-msec difference between the two speeds (see Figure 9 ). Although this dissociation between RT and 2AFC may seem puzzling, we think that we have at least a partial explanation. Recall that in our RT experiments, the dots, always at high contrast, appeared on each trial as a stationary pattern, and only after 2-3.5 sec had elapsed did they begin to move. In our 2AFC experiments, whenever dots appeared, they were moving. The observer's task was therefore somewhat different in the two procedures. The RT procedure probably encouraged the observer to respond to a change from stationary to moving. Work by others suggests that such responses are controlled primarily if not exclusively by the temporal transient on each trial, particularly that in the first 100 msec (Tolhurst, 1975) . In contrast, during each interval of a 2AFC trial, information about the presence of the movement can be integrated over time. Note that each interval in our 2AFC procedure was 600 msec long. Many of our 2AFC measurements used a stimulus that moved at 5.3°/sec. Typical RTs to movement of 5.3°/sec were on the order of 225 msec. Subtracting 100 msec as an estimate of the irreducible nonsensory component of these RTs (Woodworth & Schlosberg, 1954) , we must conclude that the observer actually required only 125 msec or so of the stimulus exposure before deciding to initiate a response.
Several investigators have claimed that with exposure as brief as 100-200 msec, the detection of motion requires that the target move through a critical distance, estimated variously at .8-1 minute of arc (Cohen & Bonnet, 1972) . This virtually reduces motion perception to an acuity task, an approach favored by others as well (Kinchla& Allan, 1969) . However, we have several reasons for doubting that this account of motion perception is actually appropriate to our experiments.
Of course, the critical distance required for motion perception would be more quickly reached by a rapidly moving stimulus than by one that moved slowly. One might imagine, then, that this would account for the RT difference between 1° and 5.3 0 / sec (and, additionally, for the RT vs. speed function shown in Figure 9 ). Quantitatively, however, there are difficulties with this formulation. Consider the two speeds we have been discussing, 1° and 5.3°/sec. The slower of these stimuli would require 17 msec to travel through 1 minute of arc; the faster stimulus would require only 3 msec. If the distance traveled were the only event crucial to initiating the RT, and if the crucial distance were approximately 1 minute of arc, there would be a 14-msec RT difference, not the 75-msec difference we found.
There are two other difficulties with describing motion perception in terms of critical distances that must be traversed. First, measured in various ways, visual acuity is strongly anisotropic-being better with horizontal or vertical orientations and poorer with oblique orientations (Appelle, 1972) . As a result, the critical distance for seeing motion should also vary with orientation. Therefore, if it did depend on the traversal of some critical distance, motion sensitivity should vary with direction. But as we have already indicated, a number of studies contradict this expectation (Ball, 1977; Levinson & Sekuler, 1980; Marshak, Note 1) . Second, the critical distance model for motion perception also cannot explain some of our own observations on the effect of exposure duration on the detection of movement. Although we report this work in detail elsewhere (Ball & Sekuler, in press) a useful point can be made by mentioning it here. Using moving random-dot patterns of low luminance, we measured the detectability of motion when the pattern was presented for various durations ranging from 100 to 700 msec. For all three observers, detectability improved steadily from 100 to 350 msec or so. As we have already indicated, a stimulus moving at 5.3°/sec would require only 3 msec to traverse the socalled critical distance for motion to be perceived. Why then does detection of movement of this stimulus continue to improve until it has been exposed for at least 300 msec and has traveled a distance at least 100 times greater than the critical distance? The simplest answer is that the critical distance model, whatever its other virtues, is simply not applicable to the kinds of stimuli and tasks we have used.
Unanswered Questions About Uncertainty
Our research has taught us much about both motion perception and the observer's response to simple forms of uncertainty. Most significantly, we developed and successfully tested a new single-band model. But whatever the success of the midway model in accounting for our results, we do not consider it a complete description of the way all observers necessarily respond to uncertainty in all situations. To keep the models tractable at this early stage of work on motion uncertainty, we have elected to restrict our analysis largely to just one simple form of uncertainty, uncertainty between two, equiprobable, moving targets. We expect that as our understanding of this simple case grows, it will eventually be possible to model those more complicated cases. Such a capability is particularly important, since these more complicated cases provide a better approximation to actual forms of uncertainty that observers encounter outside the laboratory. In fact, the single clearest lesson of previous work on responses to stimulus uncertainty, particularly that in audition, is the observer's considerable control over the way in which uncertainty is dealt with. This lesson is made many times over in Swets's (1963) excellent review of central factors in auditoryfrequency selectivity. Given how much control the observer has over the response to uncertainty, it may well be that only experiments with the simplest forms of uncertainty will consistently conform to the midway model.
Clearly, the substantial effects of stimulus uncertainty that we describe have the most serious implications for enterprises, including our own, that use psychophysical methods to isolate and characterize mechanisms tuned to particular stimulus properties. If our own work with motion perception is any indication, such enterprises may very well founder on the rocks of uncertainty. At a minimum, workers in these areas must be constantly alert to possible distortions introduced by the effects, subtle as well as gross, of an observer's uncertainty about the character of the stimuli being responded to. But this caveat goes well beyond a concern for the effects of uncertainty. The effects we report are part of a larger class of phenomena in which perceptual processes are controlled by an observer's expectations (Neisser, 1976) . As we have shown, even 2AFC data can be strongly affected by expectations. Even worse, the effects on any data set could be complex. For example, our probe experiment proved that rather than enhancing all performance uniformly, expectancies can differentially affect performance with particular test stimuli.
Although vision research has sophisticated experimental procedures, it lacks a sufficient understanding of the demands that those procedures make on observers. As a result, substantial discrepancies among observers as well as among experiments from various laboratories should not come as a complete surprise, or even as a disappointment. These discrepancies may well be the product of precisely the sort of uncertainty effects with which we have worked. Unfortunately, the importance of stimulus uncertainty seems to be appreciated more by auditory psychophysicists than by their counterparts in vision. In part, this may be due to the closer historical connections between developments in sig-nal detection theory and auditory psychophysics. Our efforts in this article have been to engage in simultaneous examinations of sensory mechanisms responsible for the analysis of motion information and of various factors that limit the use to which these mechanisms can be put under nonlaboratory conditions. As a result of our work, we are convinced that one cannot study sensory mechanisms per se without also giving serious consideration to the adaptive strategies available to the intact, intelligent observers from whom the data ultimately derive. In closing, we can think of no better expression of this sentiment than that given some years ago by Swets (1963): It is conceivable that central modulation of sensory information is extensive enough to make unlikely the discovery, through psychophysical methods, of a unitary peripheral process that remains stable despite changes in the observer's task, his information, and his aims. Psychophysical techniques constitute an ideal way to explore central factors in sensory tasks, but the value of a psychophysical approach to peripheral sensory mechanism depends upon the ability to specify, and then on the ability to isolate, the central contribution to the observer's response, (p. 438) 
